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ABSTRACT 

An additive quark model is used to derive relations which allow determination 

of fragmentation functions of wounded and spectator quarks from A-dependence of 

the spectra of particles produced in high-energy, low-momentum transfer collisions 

of hadrons and nuclei. The method is applied to spectra of strange particles 

produced in 300 GeV proton-nucleus collisions. The implications for fragmentation 

mechanism of high-energy hadrons are discussed. 
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1. INTRODUCTION 

It was argued recently’ that the quark model provides a useful way of 

understanding A-dependence of small transverse momentum particle production 

from nuclear targets. The spectra in the central rapidity region can be successfully 

described as emission of hadrons by wounded quarks.2-5 The fragmentation region 

of the projectile seems dominated by fragmentation of the spectator quarks. 6-9 

Since the data do not show any sharp separation between the two regions, however, 

to obtain a satisfactory description of the spectra it is necessary to develop an 

approach which would be valid simultaneously in both regions. In this paper we 

show that a straightforward extension of the quark model ideas of Refs. 2-9 does 

indeed provide such a unified description of the spectra. The model gives the 

parametrization of the A-dependence which is valid everywhere outside the target 

nucleus fragmentation region. There are (in general) two parameters in meson- 

induced and three parameters in baryon-induced reactions. Experimental verifi- 

cation of this parametrization gives a decisive test of the quark model as applied to 

hadron-nucleus collisions.‘-9 

As the next step we investigate the possibility that emission of hadrons by 

wounded quarks is independent of the presence of the spectators so that the 

contributions from fragmentation of wounded quarks and from spectators simply 

add up to form the observed hadron spectrum. In this case all parameters 

describing A-dependence of the particle spectra have a definite physical meaning in 

terms of the quark fragmentation functions. This leads to the attractive conclusion 

that the quark fragmentation functions can be determined from A-dependence of 

the single-particle spectra. Thus it might be possible to obtain information which 

seems useful for understanding the multiple production processes and which cannot 

be obtained from the study of hadron-hadron collisions. 
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We applied our method to the strange particle spectra in 300 GeV proton- 

nucleus collisions and found that it is indeed possible to obtain information on quark 

fragmentation functions. We thus feel confident that, with more data available, 

such an analysis should provide interesting and qualitatively new information on 

fragmentation mechanism of high energy hadrons. 

The plan of the paper is as follows. In the next section we review briefly 

former applications of the quark model to hadron-nucleus collisions. Our formula 

for the spectrum is discussed in sections 3 and 4. In section 5, the quark 

fragmentation functions are derived from data on neutral strange particle 

production. lo Our conclusions are listed in the last section. 

II. APPLICATIONS OF THE ADDITIVE QUARK MODEL TO 
HADRON-NUCLEUS COLLISIONS AT HIGH ENERGIES 

A. Central Rapidity Region 

It was observed by Goldhaber* that, if hadron-hadron collisions are described 

in terms of interaction of hadronic consitutents, one obtains a natural explanation 

of the increasing particle multiplicity in hadronic collisions with heavy nuclei. This 

argument was developed in Ref. 3, where it was shown that it leads to definite 

quantitative predictions. The idea is illustrated in Fig. I. Let the incident hadron 

consist of Nh independent consitutents. Assuming that only these constituents 

which interacted with the target do produce particles in the central rapidity region 

and that production from a constituent does not depend on the target, F’ particle 

production in hadron-nudeus collisions is proportional to the number of “wounded” 

constituents, i.e. the constituents which interacted inelastically with the target (at 

least once). Consequently, we obtain for the ratio of.multipjicities from nucleus A 

and Hydrogen 



-4- FERMILAB-Pub-79/48-THY 

nA($ wA 
RA(;) = q = - 

H WH 
(2.1) 

where wAtHl is the number of the wounded constituents in the incident hadron 

during interaction with nucleus A (Hydrogen). wA can be calculated from the 

formula3’12 

WA EC Nh”qA 

‘hA 
(2.2) 

where 0” 
qA 

and 6 hA are inelastic, non-diffractive cross-sections of the constituent 

q and hadron h on the target A. They are given by the formula F2 

GA = .j- d*b { 1 - (I - o’,DA(blA} (2.3) 

where DA(b) = Irn dzp,(& .a) and p,(?$ z) is the nuclear density. 
co 

It was shown in Ref. 3 that, at fixed wA, RA given by Eq. (2.1) depends 

mainly on Nh and thus may be used for determination of the number of constituents 

in the incident hadron. The data strongly indicate Nh = 3 for incident nucleons 495 

and N I,13 
h = 2 for incident pions, thus suggesting validity of the quark model. To 

summarize, there are good reasons to believe that in the central rapidity region the 

Eq. (2.1) describes correctly the data if one chooses quarks as hadronic constituents 

which independently emit the produced particles. In this case, the quark additivity 

implies 

‘qH =+hH 

and thus WH = 1. This leads to even simpler formula 

(2.4) 
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R,c(;) = wA (2.5) 

where WA is given by Eq. (2.2) and ii 
qA 

and z,, can be calculated from Eq. (2.3). 

8. Projectile Fragmentation Region 

The predictions of the quark model are very different in the projectile 

fragmentation region, as was first observed by Anisovich and Shekhter6 (see also 

Ref. 7). They pointed out that in this region the contribution from spectator quarks 

which did not take part in the interaction might be actually much more important, 

since those quarks are not slowed down by emitting particles in the central region 

and thus are faster than wounded quarks. 

If indeed the fragmentation of spectator quarks is dominant in this region we 

obtain a simple prediction 

where 

sA = Nh- wA 

(2.6) 

(2.7) 

is the average number of spectator quarks. F3 . Smce wA increases with increasing 

A, the formula (2.6) gives immediate explanation of the decrease of the projectile 

fragmentation multiplicity in collisions with heavy nuclei. 

The simple formula (2.6) should be valid for incident mesons. However, for 

hadron beam the situation is more complicated because it is necessary to consider 

the possibility that two spectator quarks do not fragment independently (for 
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example, they may recombine into one final baryon). 6-9,14 More generally one can 

thus write 

n,F@ = Pf)g($ + Pjj)nd& . (2.8) 

Here Pt’ and Pf’ (I) are probabilities that exactly one (PA (2) ) or two (PA ) quarks 

get wounded. These probabilities are given by6 

Pjj’ = 30 - YA) 

and 

= sA-2PI = 6yA-3-w A 

(2.9) 

(2.10) 

with 

YA = znAi’NA (2.11) 

where CrA and 3 NA are given by Eq. (2.3) with CT N = $ CNN. n,($) is the average 

multiplicity in fragmentation of one spectator quark and nd($ is the average mtiti- 

plicity in fragmentation of a pair of spectator quarks. If all spectator quarks 

fragment independently, we have 

nd($ = 2nsp& (2.12) 
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In Fig. 2 PF) and Pf) are plotted versus w A F4 One sees that they show a 

very different behavior for wA 2 1.5 (A ,< 60). However, for heavy nuclei they are 

almost equal to each other.6 Consequently, the two terms in Eq. (2.8) should show 

similar (rather weak) A-dependence for scattering off heavy nuclei. 

The precise prediction of A-dependence is possible only if one adopts specific 

assumptions about the fragmentation functions nsp(s) and rid(T)) (they are, in 

general, different for different beam and observed final particles). There exist 

several proposals. 6-9 As indicated by the arguments which lead to the formula 

(2.8), it is necessary to distinguish (at least) between the production of baryons 

which have two common quarks with the projectile (we call them “favored” 

baryons) and production of other particles. 

For production of favored baryons Anisovish et al.6 assume thatF5 

nsp(p) ‘< ndb) 

so that nsp($) can be neglected. This leads to the simple formula 

F+ n,(p) = Pt)nH($) . 

(2.13) 

(2.14) 

The same assumption is made in Refs. 7 and 8, whereas in Ref. 9 both terms are 

kept.F6 

For meson production it is assumed in Ref. 6 (on the basis of the specific 

quark counting rules) that nsp(z) = G nd(G), which gives 

n,F$) = pk’ +4p(2) 
5 A n,(p’, . (2.15) 
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In papers by Nikolaev and collaborators ‘!’ it is assumed that 

nd(Gl = o nsp(l;) (2.16) 

where a is a parameter depending on quantum numbers of the beam and produced 

particles. 

Finally, Dar and Takagi’ assume independent quark fragmentation into 

mesons (Eq. (2.12)) which gives 

F 
“A = SA”sp($) (2.17) 

i.e. the same formula as for incident mesons (Eq. (2.6)). 

Good agreement with experiment is claimed in all Refs. 6-9. This indicates 

that (i) the Eq. (2.8) is flexible enough to describe the present data, and (ii) more 

refined analysis and/or better data are needed to pin down which choice of the 

parameters (if any) is the correct one. 

Our point of view, which we shall describe in more detail in the next two 

sections, is that, instead of trying to guess the quark fragmentation functions (for 

which there is a little basis except for general intuition) it might be more useful to 

determine them from experimentally observed A-dependence of the spectra. In 

this way one can obtain interesting information on the dynamics of the quark 

fragmentation and thus learn about the underlying elementary processes. 
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III. GENERAL FORMULA FOR A-DEPENDENCE OF THE SPECTRA 

We argued in the previous section that the quark model gives an adequate 

description of the data in central and projectile fragmentation regions. However, 

the application of these ideas is difficult because these regions are not very well 

defined. The data actually show a rather large intermediate region in which 

neither formula (2.5) nor (2.8) are applicable. 15,16 

We would like to point out now that the arguments of the previous section can 

be extended to obtain a general formula for the A-dependence of the spectra, valid 

everywhere outside the target nucleus fragmentation region. 

Consider first the meson-induced processes. In this case the intermediate 

state after the collision (but before fragmentation into final hadrons) may consist 

either of one wounded and one spectator quark or of two wounded quarks. Thus the 

A-dependence of the spectrum can be parametrized as 

(I) “A(c) = PA nws(s) + p (3.1) 

where Pf’ and Pf’ are probabilities that exactly one or two quarks get wounded. 

The parameters nWs(pf and n ww(;) are particle densities in fragmentation of the 

wounded quark-spectator quark system (nws) or of two wounded quarks (nww). 

and PF’ can be easily calculated in terms of w * A 

PF’ = *-WA 

P(2) = w 
A A-’ 

(3.2) 

(3.3) 
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The important point to realize is that both P!) and Pf) are linear in w A’ 

Consequently, also n,(J is a linear function of wA. Thus, despite the generality of 

the argument, we obtain a surprisingly simple result which should be easy to test 

experimentally. Let us emphasize again that the Eq. (3.1) should be valid 

everywhere, except in the target fragmentation region. 

Consider now the more complicated case of nucleon-induced reactions. Here 

we can have three possible intermediate states: one wounded quark and two 

spectators, two wounded quark and one spectator and three wounded quarks. 

Consequently, the formuIa for the A-dependence of the spectrum consists of three 

terms: 

nwss($) + p ~*‘nwws(i3 + Pi3)nwwwG) (3.4) 

where Pf) IS the probability of having exactly three wounded quarks. The 

parameters nw&, nww&) and nwwwC$) are the particie densities in fragmen- 

tation of these intermediate systems of quarks. Pt) and Pf) are given by Eqs. 

(2.9)-(2.1 l), and Pf) = 1 - Pi) - Pf). 

Again the three-parameter formula (3.4) is expected to be valid everywhere 

except in the target nucleus fragmentation region. Although it is slightly more 

complicated than the two-parameter formula (3.1) describing the meson-induced 

reactions it still provides a relatively simple description of the spectrum and, 

consequently, important test of the quark model. 

We should add that the Eqs. (3.1) and (3.4) are not entirely new. They were 

used implicitly in Ref. 6 and a formula similar to our Eq. (3.4) was considered in 

Ref. 8 and applied to the projectile fragmentation region, as described in the 
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previous section. Our main point is, however, that the Eqs. (3.1) and (3.4) are very 

general and are expected to be valid everywhere outside .the target nucieus 

fragmentation region so they constitute the basic test of the applications of the 

quark model to hadron-nucieus collisions. The crucial assumption which leads to 

this conclusion is that particle production by wounded quarks does not depend 0” 

how many times the wounded quark interacts inside the nucleus. This assumption 

seems to be very well confirmed by existing experiments. 1-5 

IV. DETERMINATION OF THE QUARK FRAGMENTATION FUNCTIONS 

Although the parametrization of A-dependence of the spectra given by Eqs. 

(3.1) and (3.4) seems quite usefui, the physical meaning of the parameters nws, 

“WW’ “wss”’ is not particularly appealing, because they refer to fragmentation of 

rather complicated systems of quarks. It is therefore of interest to try to simplify 

further these formulae in order to obtain a better physical understanding of their 

content. In this section we explore one such a possibility which is an extension of 

the ideas presented in Refs. (2-9): we shah assume that the fragmentation of 

wounded quarks is independent of presence of spectators, so that contributions 

from wounded quarks and from spectators simply add up.F7 We thus obtain 

nA(G) = wAnw&) + n,F($ (4.1) 

where n:(G) is given by Eq. (2.6) for incident mesons and by Eq. (2.8) for incident 

baryons. Of course the Eq. (4.1) is a special case of the more general Eqs. (3.1) and 

(3.4). For incident mesons we have 

nA(G) = wAnw(pj + (2 - w,&p($ . (4.2) 
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The important feature of Eq. (4.2) is that now the parameters nw(ip) and 

nsp(6) have a straightforward physical meaning, being the fragmentation functions 

of wounded and spectator quarks. Thus by comparing the Eq. (4.2) to the data it 

should be possible to determine both n w and n 
sp’ 

In this way one can obtain 

interesting information on fragmentation of quarks which is not available from 

hadron-hadron experiments. 

This feature makes the Eq. (4.2) particularly useful for phenomenology. The 

parametrization given by (4.2) is not more complicated than the generally used 

formula 

nA@ = &)A”(;) (4.3) 

whereas it has a much more clear physical meaning. We thus feel that the precise 

measurements of particle production in meson-nucleus collisions are of particular 

interest, in view of the simplicity of the quark description in this case. They 

certainly should provide crucial tests of quark fragmentation and recombination 

ideas in low-momentum transfer hadron physics. 

The description of particle production by incident baryons is more compli- 

cated, as we discussed already in the previous sections. Adding contributions from 

wounded and spectator quarks we obtain using Eq. (2.4) and (2.8): 

nA(iJ = wAnW(5) + P f)nsp(iA + P $d($) (4.4) 

This formula reveals similar properties as a simpler Eq. (4.2). Thus it can also be 

used for determination of the quark fragmentation functions n,(p), n,,(p) and 
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nd@. However, Eq. (4.4) is more complicated and contains three unknown 

functions. Thus much better data is needed in this case to disentangle all quark 

fragmentation functions. 

In the next section we discuss the data of Ref. 10. 

V. QUARK FRAGMENTATION FUNCTION FROM 
300 GEV PROTON-NUCLEUS DATA 

Recently the A-dependence of single-particle spectra was measured for A, x 

and K” produced in 300 GeV proton-nucleus interactions. 10 We attempt now an 

interpretation of this data in terms of the quark fragmentation functions using 

ideas developed in the previous section. 

First, let us observe that the measurements were performed only for Be, CU 

and Pb targets. This means that the 3-parameter formula (3.4) cannot be tested by 

this data. At most, we can hope to determine the quark fragmentation functions by 

solving the system of 3 linear equations which arises when Eq. (4.4) is applied 

(1) consecutively to Be, Cu and Pb. To do it, we need values of wA, PA and Pf’ for 

different targets. We calculated them using Eqs. (2.2)-(2.4) and (2.91-(2.11) and 

Saxon-Woods nuclear density p(r) = p o/ { 1 + exp [(r - RI/a I 1. Two sets of nuclear 

parameters were employed to test the sensitivity of the results. The following 

discussion and all the figures are obtained using parameters of Ref. 15. Another 

set was that of Ref. 17. The results from these two calculations are slightly 

different in details but none of our conclusions are influenced by this uncertainty. 

The used values of all parameters are summarized in Tables 1 and 2. Since the data 

are given in the form of inclusive cross-sections, we had to divide them by inelastic 

nuclear cross-sections, to obtain particle densities. The values of these cross- 

sections were calculated from Eq. (2.3). They are also given in Tables I and 2. 
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Let us start with a discussion of A production. In Fig. 3 the quark 

fragmentation functions derived from this data are plotted versus scaled Feynman 

momentum and at fixed transverse momentum = 0. F8 One sees that the 

fragmentation function of the pair of spectators is quite well determined by the 

data. It shows a broad maximum for x s -5, indicating that direct recombination of 

spectator pairs plays an important role in A production. It is also seen that the 

contribution from wounded quarks is small (consistent with zero) in the considered 

region, as expected by most authors. 6-9 The errors are large enough, however, to 

allow a non-vanishing contribution. The fragmentation function of the single 

spectator quark n 
sP 

cannot be reliably determined from the data and is not shown 

in Fig. 3. The reason for this is that both wA and Pf’ are increasing functions of 

A. Consequently, the contributions of nw and n 
sP 

are difficult to separate. On the 

other hand, Pt’ is a decreasing function of A and thus nd is easily singled out. 

To obtain more information on n 
sp’ 

in absence of better data, one has to fix 

some other parameters. To compare our results with those of other authors, 6-9 we 

assumed that wounded quarks do not contribute in the considered region x > .2, i.e. 

nwC3 = 0 (5.1) 

nd and n 
sP 

can then be calculated using only Be and Pb data. The Cu data were 

used to test hypothesis (4.1). (x2 turns out to be very good: x * = 62 for 75 degrees 

of freedom.) The results of this exercise are shown in Fig. 4, where both n 
sP 

and nd 

are plotted versus x. The most striking feature seen in this figure is a dramatic 

difference between behavior of n 
SP 

and n d nsP 
dominates over nd for x 5 .4. At 

higher momenta nd becomes bigger and exceeds 2nsp for x 2 .6. As we already 



-15- FERMILAB-Pub-79/48-THY 

observed, the condition nd = 2n sp (Eq. (2.12)) is valid if the quarks in the diquark 

fragment independently. It is seen from Fig. 4 that this condition is badly violated 

for x < .4, thus giving evidence that some collective fragmentation of spectator 

quark pairs is present.F9 The most natural interpretation of the small values of 

n,(x) for x 2 .4 is that spectator pairs recombine directly into favored baryons of 

higher momentum (as indicated by large values of nd for x 2 .6), and thus only a 

fraction of them is available below x :: .4. 

The results shown in Fig. 4 agree only qualitatively with those of other 

authors who discussed the projectile fragmentation region. 6S9 Although we do find 

the dominance of the direct quark pair recombination into A, it occurs at 

substantially higher momenta than suggested in Ref. 6. The ns obtained from the 

data does follow qualitatively the shape suggested by elementary valence quark 

spectrum9 (see Fig. 41 but there seems to be a definite tendency for the data to 

extend for larger x. This could be understood if the objects emitting A’s are not 

elementary valence quarks but rather constituent quarks 697 which are expected to 

have harder momentum spectrum (they share the total momentum of the incident 

particle). 

The shape and magnitude of the spectator pair fragmentation function nd is 

not substantially affected by the approximation (5.1). However, as owe already 

noted, n 
sP 

is quite sensitive to it. We thus feel that the determination of n 
sP 

below 

x = .4 is not very good and the large values obtained in this region may well be 

faking the non-vanishing contribution from wounded quarks, i.e. of the tail from the 

central region. With the present data we were unable to resolve this probIem. 

To summarize, the data is giving a firm evidence that (a) A production in the 

fragmentation region is indeed dominated by fragmentation of the spectator 
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quarks, (b) fragmentation of single spectator quarks into A gives dominant 

contribution for x -< .4 and (c) pairs of spectator quarks do recombine directly into 

A at high values of the longitudinal momenta x 2 .6. Although data are consistent 

with no production from wounded quarks, some contribution for x ,’ .5 is acceptable 

and actually desirable to obtain a neat physical interpretation of the results. 

Let us now turn to x production. Since n are more difficult to produce than 

A, the statistics of x data is limited and errors considerably larger. Consequently, 

the errors for quark fragmentation functions obtained by inverting Eq. (4.4) are so 

large that the whole procedure becomes meaningless. Nevertheless, the data do 

provide interesting information on fragmentation mechanism: Since K density 

decreases” with increasing A in the measured region .2 < x < .4, it follows that 

the data cannot be described by contribution from wounded quarks alone. Thus we 

conclude that fragmentation of the spectator quarks must be an important source 

of A production. 

Let us add one remark. As noticed in Ref. IO, A and x production show a 

rather similar A-dependence for .2 < x < .4. As we have seen, the quark model can 

account for this observation, but only below x” .5 where no strong contribution 

from recombination of spectator quark pairs into A is expected. At larger x the 

model predicts that A-dependence of A should be stronger than that of x. 

Finally, let us consider K” data. In Fig. 6 nd and nw are plotted versus x for 

pl = 0 (they were obtained by inverting Eq. (4.4)). We see that K” production is 

also dominated by fragmentation of the spectator quarks. The behavior of nd is, 

however, rather different from that observed in A production (Fig. 3): nd is 

steadily falling with increasing x. This indicates that, as expected, there is no (or 

very little) collective quark pair fragmentation into K”. 
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To compare our results with the ideas of the other authors, iye carried out the 

analysis assuming that the wounded quarks do not contribute at all (Eq. (5.1)). The 

results are shown in Fig. 6, where the ratio R d/s ’ “d’“sp is plotted versus x. It is 

seen that Rd,s has quite small value (Rdls * .6) in the region x * .3 and indicates a 

tendency to rise for larger x. This result seems to agree neither with the 

suggestion of Ref. 6 (Rdls = 5/4) nor that of Ref. 9 (Rdls = 2). However, we would 

like to emphasize that the results shown in Fig. 6 are very sensitive to the 

assumption (5.1) used here. Thus the relations (2.15) of Ref. 6 and (2.17) of Ref. 9 

may well be valid provided a significant contribution from wounded quarks is 

present for x > .2. 

VI. CONCLUSIONS 

We have shown that the additive quark model gives a simple parametrization 

of the A-dependence of the spectra of low transverse momentum particles 

produced in hadron-nucleus interactions at high energies. The main features of this 

result are: 

(8 The description is valid for all longitudinal momenta of the secondary 

p.xt;cles, except in the target nucleus fragmentation region. This large region of 

validity is essential in the discussion of the data, because it removes the 

ambiguities related to the choice of the proper region of applicability of the model 

(as was requi; ed in previous discussions).2T3r5-9 

(ii) The parameters describing the A-dependence of the spectra have very 

clear physical meaning. They are linear combinations of different quark 

fragmentation functions. This allows us to determine the quark fragmentation 

functions from the data and thus obtain information on transition from quarks to 

hadrons which cannot be obtained from hadron-hadron experiments. 
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(iii) The parametrization is particularly simple for meson-induced reactions. 

Thus precise measurements of hadron production by incident high-energy mesons 

should prove very interesting. Not only shall they provide decisive tests of the 

model, but should also greatly facilitate the determination of quark fragmentation 

functions from the data. 

We have applied our method to data on strange particle production by 300 

GeV protons. ’ O The fragmentation functions of quarks and quark pairs were 

obtained for A and K” production. We found that in the measured region (x > .2) 

the production of all strange particles (including x) is strongly dominated by 

fragmentation of spectator quarks. Evidence was also found for direct recombi- 

nation of pairs of spectator quarks into A, whereas no such process seems to be 

present for x and K” production. Finally, the data suggest that the constituent 

quarks rather than the elementary valence quarks may be relevant in the process of 

hadron emission. 

These results indicate that our method of analysis of A-dependence of the 

spectra can indeed by useful. With more data available (particularly for incident 

mesons), one may hope to establish general features of the mechanism of transition 

from hadronic constituents to hadrons and thus to obtain qualitatively new 

information on high-energy phenomena. 

We would like to thank Hannu Miettinen for helpful discussions. 
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WA 

pw 
A 

Table 1 

Nuclear Parameters from Ref. 15 

R = t.978 + .0206A 1/3)A1/3; a = .54; cr 
PP 

= 32.3 mb 

Be cu 

1.294 1.785 

.738 .429 

Pb 

2.102 

.284 

.229 .357 .330 

(J pA(mb) 194.2 748.7 1651.2 

Table 2 

Nuclear Parameters from Ref. 17 

R = 1 .I4 A1’3; a = .545; 5~ 
PP 

= 30 mb 

WA 

PA (I) 

Be cu 

1.246 I.694 

.776 .473 

.202 .360 

upA 191.9 782.8 1703.6 

Pb 

2.03 

-308 

.354 
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FOOTNOTES 

Fl . This means, in particular, the production is independent of the number of 

collisions of the constituent in the target nucleus. For a detailed discussion of 

this assumption see Refs. 1-4. 

F2The diffractive (coherent) scattering is not discussed here. If it is included, .a” 
qA 

and ahA given by Eq. (2.3) are not exactly the non-diffractive cross-sections. 

See Ref. 11 for a discussion of this point. 

F3 The averaging over different kinds of quarks is not necessary. The formula (2.7) 

is easily generalized to indude different quarks. 

F4 Throughout this paper we follow Ref. 15 for the choice of nuclear parameters. 

See Sec. 5 for more details. 

F5 In Ref. 6 the relations (2.13) and (2.15) were proposed only for restricted regions 

of phase-space. 

F61n notation of Ref. 8 nd = (u ’ + o 2)/o 
PP 

and n sp = Y2 a $lpp. 

F7 It 1s by no means obvious that contributions from wounded and spectator quarks 

can be considered independent in this intermediate region. I,4 In the bag models, 

for example, there seems to be no particular reason for such a separation.8 In 

general, one expects the possible interactions between the quarks to influence 

mostly the projectile fragmentation region, where hadrons are produced a long 

time after collision took place and thus there is plenty of time for interaction 

between the constituents. It is however an open question how important such 

collective effects are. The semi-quantitative successes of the spectator quark 

counting 6-9 seem to indicate that they may be relatively small. We feel, 
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however, that this is now an entirely open question which should be decided by 

experiment. An alternative approach, where ail quarks recombine together in 

the projectile fragmentation region was developed in Ref. 4. 

F8The data of R ef. 10 were given at fixed laboratory angles. To obtain data at 

fixed transverse momentum we extrapolated them using the pT dependence of 

the fit given in Ref. 10. For Cu data we used the formula do/dpf = exp(a + bp:). 

F9 We checked that the hypothesis nd = 2nsp is not satisfied by the data: X2 = 122 

for 75 degrees of freedom. 
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FIGURE CAPTIONS 

Interaction of hadronic constituents in hydrogen and in 

nucleus. 

Probabilities of wounding one (Pt)), two (PF)) and three 

(Pf)) quarks in collision of a high-energy proton with nucleus. 

Fragmentation functions of a wounded quark and of a pair of 

spectator quarks for A production. 

Fragmentation functions of spectator quark and of pair of 

spectator quarks for A production obtained assuming the 

condition nw = 0. The line is the elementary valence quark 

momentum distribution from Ref. 9, normalized to the data at 

x = .5. 

Fragmentation functions of pair of spectator quarks and of 

wounded quark for K” production. 

Ratio Rdls = nd/nsp for K” production derived under the 

assumption nw z 0. 
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